Soft lithography of polydimethylsiloxane (PDMS), an elastomeric polymer, has enabled rapid and inexpensive fabrication of microfluidic devices for various biotechnology applications. However, concerns remain about adsorption of compounds on PDMS surfaces because of its porosity and hydrophobicity. Here, the adsorption of 2 small fluorescent dyes of different hydrophobicity (calcein and 5-(and 6-)carboxytetramethylrhodamine (TMR)) on PDMS surface has been systematically characterized, and PDMS adsorption has been compared with 2 traditional substrates: glass and polystyrene. To characterize adsorption in a regimen that is more relevant to microfluidic applications, the adsorption and desorption of the 2 compounds in PDMS microfluidic channels under flow conditions were also studied. Results showed that there was minimal adsorption of the hydrophilic compound calcein on PDMS, whereas the more hydrophobic TMR adsorbed on PDMS up to 4 times of that on glass or polystyrene. Under flow conditions, the desorption profiles and times needed to drop desorbed compound concentrations to negligible levels (desorption time constant, 10−42 s) were characterized. In the worst case scenario, after a 4-min exposure to TMR, 4 min of continuous wash resulted in compound concentrations in the microchannels to drop to values below 2 × 10 -5 of the initial concentration.
INTRODUCTION
D URIng In vITRO DRUg ScReenIng ASSAyS, a major concern is the adsorption of candidate compounds into the substrate, which may result in cross-contamination when 2 or more compounds are applied sequentially. concentration loss due to upstream adsorption when using very low compound concentrations is another concern. Adsorption results from interactions between compound and substrates, including 1 or more types of molecular interactions, such as electrostatic interactions, van der Waals forces, donor-acceptor interactions, hydrogen bonding, inclusion complexes, and dipole-dipole interactions. Traditionally, compounds have been screened for their physicochemical "drug-likeness" properties including molecular weight, hydrophobicity, hydrogen-bond donor atoms, and sum of nitrogen and oxygen atoms (Rule of Five 1 ), all of which may contribute to the amount of adsorption in an in vitro assay. However, the properties of substrates also contribute greatly in the adsorption process.
Polydimethylsiloxane (PDMS), a transparent elastomeric polymer, is widely used in microfluidic applications, including some commercial products. [2] [3] [4] The transparency and biocompatibility of PDMS make it an ideal substrate for many cell-based applications. Using PDMS instead of traditional materials such as glass, polystyrene, or silicon, micropatterns can be replicamolded using a cost-effective process. PDMS can also be bonded irreversibly to glass or PDMS following exposure to oxygen plasma. This enables the fabrication and assembly of complex structures. However, because of its porosity and hydrophobicity, there is a concern that many drug-like compounds, especially compounds displaying a high degree of hydrophobicity, will adsorb/absorb to a large extent within the PDMS matrix. Previous work showed that some solvents swell PDMS 5 and a number of compounds adsorb onto PDMS. [6] [7] [8] What is missing from the literature is a systematic comparison of PDMS with other materials that are commonly used in biotechnology applications and studies under dynamic conditions.
Here, compound adsorption on PDMS is studied in comparison with polystyrene and glass, 2 widely used materials for biotechnology and microfluidic applications. The dynamics of hydrophobic compound adsorption and desorption in PDMS microfluidic channels under flow is also investigated.
MATERIALS AND METHODS

Static compound adsorption experiments
Fluorescent compounds, calcein (MW 622.54), 5-(and 6-)carboxytetramethylrhodamine (TMR; MW 466.92), nile red (MW 318.4) , and BODIPy FL c 16 (MW 474.44), all from Invitrogen (carlsbad, cA), were introduced into three 96-well plates with different bottom materials (glass, polystyrene (PS), or PDMS). glass or PS-bottom plates were from nalgene-nunc (Rochester, ny); PDMS-bottom plates were from Fluxion Biosciences Inc. (South San Francisco, cA). Stock solutions (100 mM) of calcein and TMR were first dissolved in DMSO (10 mM stock for nile red and BODIPy FL c 16 ), then diluted into a ca 2+ /Mg 2+ -free phosphate buffer (PBS) at 4 different concentrations (0.001, 0.01, 0.1, and 1 mM for calcein and TMR, 0.1 µM to 100 µM for BODIPy-FL c 16 ), along with PBS as a negative control. DMSO concentrations were equali zed to 1% (v/v) for all solutions. The compound concentration ranges ensured complete solubility in the aqueous buffer (confirmed by microscopic observation of solutions and surfaces). All concentrations were tested in triplet wells on the same plate, and for each condition 3 separate experiments were performed on 3 different days.
compounds were introduced into each well (50 µL), incubated at 37 °c for 90 min, and then all fluids were aspirated. each well was rinsed 2 times with 300 µL of PBS. Three fluorescent images were taken for each well with a ccD camera (QIcAM; QImaging, Surrey, Bc, canada) on a nikon inverted microscope with filter sets for FITc (HQ450/50x, Q480LP, HQ510/50m) and Texas Red (D560/40x, 590DcLP, D630/60m; chroma Technology corp., Rockingham, vT). Images from empty wells were taken for each experiment; PBS solutions experiencing the same loading/washing procedures were used as internal controls for each condition. To minimize the effect of mercury lamp illumination intensity variation, fluorescence intensity values were normalized to the average intensity of PBS-loaded wells on the same plate during the same experiment, then averaged across 3 different experiments. All images were analyzed using ImageJ software (http://rsbweb.nih.gov/ij/index.html).
Dynamic adsorption experiments
To study the dynamic adsorption of compounds on PDMS microchannels, automated microfluidic devices consisting of 2 inlets and 1 outlet for each assay microchannel (BioFlux-100 plate, Fluxion Biosciences; see Figure 2a for configuration schematics) were used. The microchannels were replica-molded with PDMS using standard soft lithography procedures and bonded to a glass bottom. Because of the limitations of the fluorescence filters setup, TMR and calcein experiments were performed separately with different microdevices; however, all microdevices in the study were molded from the same photoresist master, thus their geometries were the same, which ensured that flow resistance and flow rate were kept constant for all experiments. All pressurized fluid flow and switching were controlled automatically by computer software using a BioFlux 100 pneumatic interface.
Device initialization consisted of 3 steps: priming, rinsing, and filling. The assay microchannel was first "primed" with isopropanol (IPA) by adding IPA into the waste collecting well and then pumping fluid toward the 2 inlet wells. IPA was then replaced in all 3 wells by PBS (300 µL, rinse 3 times). Any residual IPA was further rinsed out by flow of PBS from the compound well or the media well toward the waste-collecting well at 20 µL/min for 1 min. Then in the compound well, PBS was replaced by a 100 µM calcein or TMR solution.
During the experiment, the assay channel (400 µm wide, 70 µm tall) was continuously perfused with either media (PBS) or compound (calcein or TMR solution) at a constant flow rate of 10 µL/min. An adjacent channel filled with PBS was used as a negative control. To study the dynamic adsorption and desorption of compounds, the following protocols were employed: the assay channel was first perfused with clean media for 30 s, then switched to compound for various durations (30 s, 1 min, 2 min, or 4 min), and then switched back to media for rinsing (5-min rinse for 0.5-and 1-min compound exposure, 10-min rinse for 2-or 4-min compound exposure). Time-lapse image sequences focusing on the channel roof were acquired at 0.5-s or 1-s interval, with camera exposure time set constant at 300 ms. Three experiments were performed for each compound exposure duration, and results were averaged.
For imaging analysis, 3 regions from the assay channel and 3 from the control PBS-only channel (for background intensity) were randomly selected; the average fluorescence intensities of each region at each time sequence frame were measured using ImageJ software. The average intensities in the assay channel were then calculated as the average of raw intensity values minus the average of background values, and plotted against time. For comparison across different experiments, fluorescence intensities were normalized to the highest value in each experiment (during the compound application), to minimize the effects of uneven illumination or bulb intensity variations.
Results from separate control experiments confirmed lack of photobleaching on surface molecules in the dynamic adsorption experiments. PDMS-bottomed wells were each loaded with 10 µL of calcein or TMR solution (100 µM in methanol) and then air-dried. For each well a time-lapse series of images was acquired for 10 min using the same illumination settings as in the dynamic adsorption experiment of the same dye. There was no significant photobleaching for either calcein or TMR at their respective imaging settings (105.6% and 104.7% of initial fluorescence intensity after 10-min photoexposure, respectively). Fluorescence intensities of adsorbed TMR in the PDMS-bottomed wells from the static adsorption experiments were also imaged over 10 min using the same settings and results were similar (data not shown).
RESULTS AND DISCUSSION
Selection of fluorescent dyes as concentration reporters
compound adsorption and desorption were studied by using different fluorescent molecules to quantify surface and bulk concentrations. A number of fluorescent molecules have been tested ( Table 1 ) that have physicochemical properties spanning a range similar to that of drug compounds ( Table 2) .
To compare the dyes with some of the common drugs, chemAxon software 9 was used to calculate the LogP (partition coefficient between octanol and water) and LogD values (distribution coefficient) of these molecules from their chemical structures. LogP values have long been used to screen compound hydrophilicity in drug discovery settings. 1 However, LogD may be a better descriptor than LogP for compound adsorption predictions inasmuch as a majority of compounds are ionized in physiological buffers. 10 Two of the dye molecules tested were found to be unsuitable as good concentration reporters, because they have significant shift in either quantum yield and/or spectral responses depending on the environment and/or local concentration. In the case of nile red (cLogD = 3.42), it is an essentially nonfluorescent molecule in aqueous media and other polar solvents but undergoes fluorescence enhancement and large absorption and emission blue shifts in nonpolar environments. 12 Therefore, while a nile red fluorescent signal in the PDMS would indicate the presence of adsorbed nile red, the concentration in relation to its concentration in solution would not be quantifiable. BODIPy FL c 16 (cLogD = 0.11), a green fluorescent BODIPy dye-conjugated c 16 fatty acid, also failed as a concentration reporter. Although its quantum yield is insensitive to environment, BODIPy FL c 16 tends to precipitate from solutions at high concentrations and shows a red-shift in its emission spectrum at higher concentrations. 13, 14 In the tests, at low concentrations (0.1 to 1 µM), there was minimal BODIPy FL c 16 red fluorescence (600 to 660 nm) on all 3 substrates; the green fluorescence signal (485 to 535 nm) increase suggested that adsorption on PDMS was about 1.2 to 3.7 times that on glass or polystyrene. At higher concentration of BODIPy FL c 16 (10 to 100 µM), there were much higher green fluorescence signals on PDMS than those on glass or polystyrene, but much lower red fluorescence signals on PDMS than those on glass or polystyrene (see Supplemental Figure 1 online at http://jbx.sagepub.com/supplemental/). Because red fluorescence indicates higher concentration of BODIPy dyes, the results suggest that BODIPy FL c 16 may absorb deeper into the bulk of PDMS because of its porous nature; however, the total adsorbed/absorbed concentration of BODIPy FL c 16 on these 3 substrates was not quantifiable because of the emission spectrum shift.
In conclusion, although not spanning the full hydrophobicity range, calcein and TMR were selected for the quantitative determination of concentration both on surfaces and in solution.
Adsorption of compound on the surface of PDMS was measured using standard epifluorescence microscopy. Using this methodology, bulk and surface concentrations are not differentiated. However, both phenomena contributed to the fluorescence signal in this study, and the integrated effects from both phenomena are of great interest for drug screening assays. For future studies confocal microscopy and evanescent field techniques (total internal reflection fluorescence (TIRF), Fourier transform infrared-attenuated total reflectance (FTIR-ATR), etc.) will be advantageous in elucidating adsorption versus absorption.
Static adsorption of 2 compounds on PDMS, polystyrene, and glass
Results from static adsorption experiments ( Fig. 1a ) confirmed that there was minimal calcein adsorption on all 3 substrates, even at very high concentrations. For 1 mM calcein, the normalized adsorption amounts were 107 ± 3%, 102 ± 1%, and 101 ± 3% on glass, PS, and PDMS, respectively (bar charts in Fig. 1a ). Adsorption on PDMS was not significantly different from that on glass or PS (line plots in Fig. 1a.) . In addition, compared with PS, PDMS substrates emit significantly less autofluorescence at the same illumination levels (data not shown), which is advantageous for some applications with weakly fluorescent samples.
compared with calcein, the more hydrophobic TMR, however, did adsorb more strongly on all 3 substrates (bar charts in Fig. 1b) . TMR adsorption increased with higher loading concentration on PDMS (118 ± 23%, 189 ± 57%, 433 ± 81%, and comparing PDMS with glass, fluorescence signals on both substrates increased with the loading concentration, with the ratio of PDMS versus glass at 114%, 173%, 267%, and 380%, respectively, for 0.001, 0.01, 0.1, and 1 mM solutions. The amount of adsorption might be underestimated for PDMS because there were likely some TMR molecules absorbed into the bulk of PDMS because of the porous nature of PDMS matrix. However, with epifluorescence microscopy, out-of-focus fluorescence signals below the surfaces were also collected (image depth of focus was calculated to be ~10.5 µm 15 ), this underestimation should not be a major factor.
comparing PDMS with polystyrene, at low TMR loading concentrations (0.001 to 0.1 mM), fluorescence signals of adsorbed TMR were lower on PDMS than those on polystyrene, suggesting that at least the adsorption of TMR on PDMS was similar if not lower than polystyrene. At a higher concentration (1 mM), although the fluorescence intensity on PDMS was 3.9 times that on polystyrene, due to fluorescence quenching on polystyrene, the actual concentration difference was not proportional. nonetheless, the amount of adsorption of TMR on PDMS was on the same order with that on glass or polystyrene (4× adsorption at 1 mM).
Diffusion can be important for static adsorption experiments because it determines whether molecules in the solution have sufficient time to reach the liquid-solid surface and a difference in diffusion constants of 2 compounds can contribute to the difference in adsorption. The diffusion coefficient (D) for calcein in water was estimated to be 4 × 10 −10 m 2 /s at 25 °c with a radius of the hydrated molecule of 0.45 nm. 16 Within 90 min of incubation time, diffusion distance reached ~2.08 mm, greater than the fluid level in a well (a volume of 50 µL maps to a fluid level of 1.77 mm, surface tension effect ignored). In the experiment time frame, the calcein molecules in the solution had sufficient time to reach the bottom surface. The diffusion coefficient of TMR (MW 466.9) was estimated to be close to that of calcein (MW 624.2) according to Stokes-einstein equation. 17, 18 D ∝ (MW) -1/3 results in D TMR /D calcein ≈ 1.1. Therefore, TMR and calcein had similar diffusion distances during the same time period (d ∝ D 1/2 ). In parallel experiments when the compounds were incubated for 180 min, the surface adsorption remained the same as that from the 90-min incubation (data not shown), suggesting that the bulk and surface concentrations reached equilibrium within a 90-min exposure period and diffusion was no longer a factor. During rinsing, the solutions were quickly fast flow and suction and all plates were air-dried afterward. Therefore, rinsing was done in a dynamic environment where fast mixing ensured a fast exchange of clean solution near the surface. given the rational described above, diffusion did not have a significant effect on adsorption in this study.
Dynamic compound adsorption in PDMS microchannels
Most PDMS-based devices are microfluidic devices where compounds are applied and exchanged by microfluidic flow. continuous adsorption and desorption in a dynamic flow environment is very different from static conditions where compounds are static on top of a substrate and no removal occurs until the endpoint. Therefore, characterizing dynamic adsorption of compounds onto PDMS microchannels is essential for many biotechnology assays. Again, calcein and TMR were used to investigate behaviors of small molecules with different hydrophobicity.
The microfluidic device consisted of microchannels each connected to 2 inlets and 1 outlet (Fig. 2) . The bottom of the microchannels was glass whereas the roof and side walls were made of PDMS. To quantify the dynamic adsorption and desorption of compounds, assay channels were continuously perfused with PBS, and only switched the solution to TMR or calcein for various durations. Time lapse sequences of images were acquired to monitor changes in dye concentration due to active flow, adsorption, and desorption. Inasmuch as there was minimal calcein adsorption on either glass or PDMS (Fig. 1a) , fluorescence signals of calcein were mainly due to bulk solution exchange. Because the adsorption of TMR on PDMS was ~2.7 times of that on glass (Fig. 1b) , and the images were acquired focusing at the roof of the microchannels, fluorescence signals of TMR were attributed to bulk TMR solution and adsorbed TMR on the PDMS channel roof.
The dead volume between the convergence point of the 2 inlet channels and the imaging window was ~0.265 µL (calculated from device metrology measurements). The flow rate was held constant at 10 µL/min, which resulted in a volume exchange rate of 38× per minute and a 1× volume change every 1.6 s. Fig. 3a-c , fluorescence signals increased drastically after the onset of dye application due to bulk solution in the channel. During prolonged dye perfusion (TMR or calcein), fluorescence intensity stayed almost constant, suggesting either an equilibrium of adsorption and desorption onto/from the surfaces, or only a very small percentage of adsorption compared with the concentration in bulk solution. Fluorescence bleaching was not a major factor during this period because of 1) fast perfusion rate and continuous replenishing of new dye molecules in the solution, and 2) no significant photobleaching from adsorbed dyes at the illumination setting as elucidated from separate control experiments (detailed in the Materials and Methods section).
As shown in
When the dye solution was switched back to PBS, fluorescence intensity (I) dropped quickly (I < 10% in t = 2-45 s) because of the fast removal of dye from bulk solution, then there was a slower fluorescence decay to baseline or a new baseline level mainly due to desorption (Fig. 3b-c) . not surprisingly, at any given time, the percentage of remaining TMR concentration was always greater than that of calcein ( Fig. 3d) . Inasmuch as there was minimal calcein adsorption on PDMS (Fig. 1a) , the net TMR desorption from PDMS surfaces can be isolated from the fluorescence intensity decrease caused by fluidic exchange if the remaining calcein percentage values were subtracted from the corresponding TMR values (Fig. 4a) . Results showed that, for shorter perfusion durations (30 s to 2 min), fluorescence signals quickly fell back to the baseline level prior to TMR application (<0.33% of total fluorescence intensity after 50 s, <0.1% after 100 s rinse; Fig. 4a ). However, if TMR was perfused for a longer period of time (4 min), fluorescence decay rate was slower, and some TMR signal still remained after prolonged rinse (0.6% after 240 s rinse).
The finding that both "transient" and "long-lived" adsorption occurred on PDMS is in agreement with previous studies. 19, 20 The effect of initial exposure time on the TMR desorption rate was unlikely unique to TMR, but rather a combination of the hydrophobicity of compounds and the porous nature of PDMS as a The red bar indicates the time window when 100 µM TMR solution was perfused instead of PBS. note the similar fluorescence increase and decay profiles for calcein and TMR. (c) A closer look at the fluorescence decay profiles for calcein and TMR for different perfusion durations. The trace for each condition is the average from 2 to 3 different trials. The time values are shifted in these traces such that all PBS rinsing steps appear to start at t = 0 s in all experiments. note that percentages of remaining TMR fluorescence are always greater than that of calcein at same conditions. PDMS, polydimethylsiloxane; PBS, ca 2+ /Mg 2+ -free phosphate buffer. substrate. Prolonged exposure may have induced a conformation change of adsorbed compounds on surface, 19 and may have also caused compounds to move deeper into the bulk of PDMS; therefore, the desorption rate becomes more dependent on exposure time.
Because of the fast application and removal of compounds in microfluidic channels and the relatively shorter time of the surface exposure to compounds (30 s to 4 min vs. 60 min in static experiments), results from the dynamic adsorption/desorption experiments were not directly compared with those of the static experiments. The central aim of this work was to quantify the dynamic adsorption/desorption of TMR in PDMS channels; therefore, no dynamic experiments on pure glass or polystyrene microchannels were performed.
To understand the desorption process, the experimental data ("net" relative TMR fluorescence intensity vs. time) from 4 s to 64 s after the fluorescence intensity (I) dropped to the 10% level (bulk solution removal) were fitted using an exponential decay function of the form: I = I 0 + A 0 × e -(t-t0)/τ (Fig. 4c) . I 0 is the offset when time approaches infinity and thus approximates the residual adsorbed TMR after prolonged rinsing. The amplitude A 0 correlates to the total amount of adsorbed molecules that remain after the initial rinse period. τ is the decay time constant. Inasmuch as a 1× volume exchange required 1.6 s, 4 s after the fluorescence intensity dropped to the 10% level ensured that the remaining fluorescence signals were attributed mainly to adsorbed dyes. Results showed that A 0 increased with the TMR application time, in agreement with the increased adsorption amount. For a short TMR application time (30 s, 1 min, and 2 min), values of I 0 were only 0.035%, 0.12%, and 0.20%, respectively, suggesting that the small amount of "transiently" adsorbed TMR was mostly desorbed. For 4-min perfusion duration, I 0 was 0.95%, suggesting some "long-lived" molecules adsorbed on PDMS surface or absorbed into the bulk of PDMS. consistent with this hypothesis, the decay time constants (τ) were similar for the 30-s to 2-min TMR applications (10.1 to 12.9 s), but significantly higher for the 4-min application (42.2 s).
In an article by Harada et al., 21 where the formation of the self-assembled monolayer (SAM) of octadecyltrichlorosilane (OTS) on silicon substrate was studied, the rate constant of OTS desorption from PDMS stamps at 25 °c was calculated to be 0.009 s -1 . In the current TMR desorption studies, the time constants of desorption were 10.1 s to 42.2 s (Fig. 4c) ; hence, the desorption rate constants (τ -1 ) ranged from 0.025 to 0.1 s -1 , about 2.7 to 11 times that of OTS. A variety of factors may contribute to the slightly faster desorption of TMR compared with OTS, including different chemical properties of TMR versus OTS, different methods of loading materials onto PDMS substrates (0.5-to 4-min flow of aqueous TMR solutions in PDMS microchannels vs. pipet and dry OTS in toluene solutions onto PDMS stamps), and different desorption methods (removal of desorbed materials on solution by flow and rinsing vs. adsorb to silicon).
Analysis of the desorption rate over time confirmed that the rate of desorption was fast after onset of rinse, and then became slower and eventually approached zero due to fewer available molecules (Fig. 4b) . For the 2-min TMR application, after a 100-s rinse the desorption rate was less than (2 × 10 -4 )% of bulk concentration per second, that is, 0.2 nM/s for the 100 µM solution. Similarly, for the 4-min TMR application, desorption rate slowed to less than 2 nM/s after rinsing for 240 s. A major concern for compound adsorption to a substrate is the crosscontamination when 2 or more compounds are applied sequentially. The contamination may result from the presence of adsorbed compound on the channel walls, and more importantly, from the undesired presence of the previous compound in solution during the subsequent application of new compounds. This study addressed both issues for TMR by quantifying the percentage of remaining TMR (<0.2% for 2 min, <1% for 4-min application) and the desorption rate (2 × 10 -4 )% − (2 × 10 -3 )% of bulk concentration per second, and suggested neither should be a major concern for TMR with these values. Loss of concentration due to upstream adsorption when using very low compound concentrations is another concern; however, because of technical challenges associated with measurement of very low fluorophore concentrations the effect was not quantified in this study.
The rate of desorption is commonly expressed as a function of the concentration of the adsorbed material. However, in this study the desorption rate was reported as a percentage of the concentration in the bulk solution for a couple of reasons. First, in a typical drug screening experiment, only the initial bulk concentrations of compounds are known to users; hence, the desorption rate as a percentage of the intended loading concentration presents a more direct description of desorption and cross-contamination for users of PDMS devices. A central aim of this study is to determine the effects of PDMS surfaces on cross-contamination from the prior compound when multiple compounds are applied sequentially to the same section of fluidic channel. Additional description of the desorption rate as a concentration of the materials in the elution buffer is also useful for assessing cross-contamination. Second, in the dynamic adsorption/desorption experimental setup, it was almost impossible to obtain the absolute concentration of the adsorbed material while the whole channels were filled with fluorescent compound.
If compounds of very high concentrations had been applied to the PDMS surface for a long time, there could be a concern with surface saturation when discussing the desorption rate as a percentage of bulk concentration. However, the exposure times of 30 s to 4 min (of 100 µM calcein or TMR) should not cause surface saturation in the dynamic experiments. This assertion is based on the results from static adsorption experiments: 1) there was minimal adsorption of calcein on PDMS surfaces even at 10 mM; thus it was unlikely that calcein saturated PDMS surfaces; 2) the ratio of adsorbed fluorescence between 1 mM and 100 µM TMR was ~3.5, similar to that between 100 µM and 10 µM TMR (~3.7), suggesting that even 1 mM TMR, 10× concentration of that used in the dynamic experiments, did not saturate the PDMS surface after 90-min incubation; and 3) the volume to surface ratios in the dynamic experiments were 0.78, 1.56, 3.12, and 6.24 mm, respectively for 30 s, 1 min, 2 min, and 4 min perfusion time at the flow rate of 10 µL/min, the largest of which (6.24 mm) was lower than 10× the ratio used in the static experiments (~1.77 mm); hence, the mass to surface ratio was lower in the dynamic experiments than in the static experiments.
The comparatively low adsorption of TMR on PDMS in this study was in contrast with a previous study by Toepke and Beebe that showed significant adsorption of another hydrophobic fluorescent dye, nile red, into the bulk of PDMS. 7 The disagreement can be attributed to several differences between the 2 experiments: First, nile red is more hydrophobic (cLogD = 3.42) than TMR (cLogD = -4.13); therefore, a greater percentage of nile red will absorb into PDMS than TMR at same conditions. However, inasmuch as nile red is only fluorescent in nonpolar environments, 12 the fluorescence signal of nile red in PDMS indicates qualitatively the presence of adsorption/absorption, but the concentration and percentages cannot be quantified. TMR, the hydrophobic compound used in this study, does not present a significant adsorption or emission shift in different polar environments. In addition, the study on the dynamic adsorption/desorption of TMR under flow may represent a more relevant condition in microfluidic experiments. The dynamic desorption of TMR under flow was in agreement with the reversible nature of quinine (hydrophobic, MW 324.4) adsorption in the Toepke and Beebe study. 7
CONCLUSIONS
In summary, the static and dynamic adsorption/desorption of 2 compounds of different hydrophobicity on PDMS have been systematically studied. In static experiments, calcein (a hydrophilic compound) had negligible adsorption to PDMS, and behaved similarly on polystyrene or glass substrates. TMR, a more hydrophobic dye, had higher adsorption to PDMS compared with glass (1.7× to 3.8×) and polystyrene (<3.9×). In the dynamic experiments using PDMS microchannels, the majority of the adsorbed molecules were able to quickly desorb with rinsing (τ = 10.1 to 42.2 s). If TMR was applied for longer periods of time, some fluorescence remained even after rinsing (< 0.6% for 4-min exposure followed by 4-min rinse), indicating the presence of a long-lived adsorption modality or a much slower desorption from absorbed molecules inside the bulk of PDMS. The residual amplitude was small, however (<0.6%). Therefore, although significant adsorption occurs in static conditions compared with glass, PDMS remains effective as a substrate when using small hydrophilic and hydrophobic compounds in flow-through experiments. In the present experiments, for flow rates on the order of 10 µL/min with channels of 400 µm wide and 70 µm tall, the worst case (4-min TMR application), after 4-min rinse, concentration in the solution was only 2 × 10 -5 times the original concentration. In conclusion, in microfluidic flow-through systems, cross-contamination from the reactivity of previous compounds can be mitigated by flow-through rinsing for an amount of time similar to the application time.
Because adsorption/desorption rates and amounts depend on the partition between the fluid and substrates, 5,22 different compounds may adsorb differently in the same environment, and the same compound may also adsorb differently onto different substrates or in a different fluidic environment (solvent, pH, temperature, etc.) . In general, the amount of adsorption on PDMS will increase with the hydrophobicity of the compound. This study was not intended to be a comprehensive study of surface interactions, but rather a firsthand comparison of adsorption on PDMS with that of 2 other commonly used substrates, and comparison of the dynamic desorption of 2 different dye molecules from PDMS in the same conditions. Although the results suggest a good safety margin for flow-though experiments, the effects of adsorption/ desorption should still be taken into consideration for experiments involving biochemical interactions or cell-based screening.
This study was directed at characterizing the properties of most commonly used untreated PDMS substrates. It is likely that chemical modifications of the PDMS surface [23] [24] [25] [26] [27] and variations of curing time 28 and prepolymer/crosslinker ratios 29 will be useful for improving the nonfouling performance of PDMS devices in applications using either small molecules or large biological molecules such as peptides and proteins. Future studies will be aimed at characterizing the efficacy of antiadsorption treatments of the PDMS surface for a wide range of compounds.
